and recent experiments show promise. 12 Interestingly, the proposed improvement in ZT with ultrathin TI films is via the PF. Understanding the source of this improvement may point the way towards higher TE efficiencies.
In this study, we wish to understand the source of the potential PF enhancement in ultrathin Bi 2 Te 3 and/or Bi 2 Se 3 and how the TE performance of these films varies with thickness. Utilizing first principles calculations combined with the Landauer transport formalism, our findings confirm that a 1 quintuple layer (QL)-thick film is a superior TE compared to bulk Bi 2 Te 3 . An enhanced PF stems from the unique shape of the valence band that is very unlike parabolic dispersion. A strict constraint on thickness (t) is found because all the studied films (t ¼ 0.74 nm to 5.82 nm) thicker than 1 QL compared worse than bulk. Bulk properties are retrieved when t is large enough such that conduction through the TI surface states becomes negligible.
Bulk Bi 2 Te 3 has a rhombohedral crystal structure, which along the c-axis can be viewed as stacked 5- The films have a hexagonal crystal structure defined by the length of the two in-plane and one cross-plane lattice vectors, a ¼ 4:38Å and c ¼ 30:49Å, with values taken from bulk, 16 as previously done.
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The electronic structure of bulk and ultrathin film Bi 2 Te 3 is computed using density functional theory (DFT). Fig. 1 presents the two-dimensional (2D) band structure of Bi 2 Te 3 films, with thickness t ranging from 1 QL (0.74 nm) to 5 QL (4.81 nm) [6 QL (5.82 nm) not shown]. The calculations were performed using the VASP simulation package, 18 the generalized gradient approximation 19 for the exchangecorrelation potential and including spin-orbit interaction (further computational details can be found here 20 ). Fig. 1 shows that only 1 QL and 2 QL films possess a band gap (indirect) of 0.268 eV and 0.050 eV, respectively, resulting from the interaction between the top and bottom TI surface states. For QL ! 3, the surface states decay exponentially in the insulating bulk effectively suppressing any interaction and closing the band gap, consistent with the previous reports. 17, 21 Since a band gap is generally desirable for a large Seebeck coefficient, the TE properties of these films are expected to have a strong thickness dependence.
The thermoelectric coefficients can be expressed as 
where G 0 ðÞ is the differential conductance, E F is the Fermi level, k B is Boltzmann's constant, q is the electron charge, T is the temperature, and K 0 is the zero-electric-field (closed circuit) electronic thermal conductance. The open circuit electronic thermal conductance K e is extracted using the relation K e ¼ K 0 À S 2 GT. The central quantity in determining the TE parameters is G 0 ðÞ, which in the Landauer picture is written as
where MðÞ is the distribution of modes (DOM), TðÞ is the transmission coefficient, f is the Fermi occupation function, and h is Planck's constant. The term À@f =@ is symmetric, centered around E F , and decays exponentially; thus, the above integrals are safely evaluated in the range E F 6 15 k B T. In this work, we compute the ballistic TE properties TðÞ ¼ 1, which depend only on band structure, and hence assess a material's inherent potential as a good TE. Note that MðÞ corresponds to the number of quantum conducting channels and is proportional to the average velocity along the transport direction z times the density of states: MðÞ / hjv z ðÞji Á DðÞ. The DOM is extracted from the electronic dispersion of any system using 22 MðÞ 5 m/s, where 2D is the band gap and v D is the constant band velocity when D ¼ 0). E F corresponds to the selfconsistently calculated Fermi level, which is the valence band (VB) edge for semiconductors. The DOM of 1 QL is noticeably different from 2 QL, 3 QL, and bulk; with 1 QL showing a sharp, discrete-like increase in DOM at the VB edge while the other curves show gradual increases. As will be shown, this feature is advantageous for increasing PF because G is enhanced near the VB edge. The DOM of films with t ! 4 QL are very similar to 3 QL and are not presented for clarity. We note that the shapes of the DOM for 1 QL and bulk are consistent with a previous report; however, a difference in magnitude is observed 7 which can be partly explained by a spin degeneracy factor of 2 (not included in our definition of MðÞ).
Next, we examine the TE properties. The Seebeck (S) coefficient versus E F is shown in Fig. 3(a) . The maximum positive S (p-type transport) occurs with 1 QL near mid-gap with S approaching 500 lV/K; however, the most negative S (n-type transport) occurs with bulk Bi 2 Te 3 . The large DOM The DOM for films is divided by the thickness t to compare to bulk. Transport is along C-K (binary axis) and is found to be identical to transport along C-M (bisectrix axis).
at the VB edge is the reason why S is not anti-symmetric as is the case with the analytical model. Our simulations indicate that S decreases with increasing thickness, the result of a shrinking band gap. Physically, S is equal to the average energy (relative to E F ) at which current flows times Àk B =q; thus, a large jSj requires a large asymmetry between electron and hole conduction. With a band gap, one can vary E F such that the average conduction energy is located far above (n-type) or below (p-type) E F , thus yielding a large jSj. With metals, conduction above and below E F is roughly equal, leading to a small jSj. Note that S initially drops due to the closing of the band gap by the TI surface states, but as the thickness increases conduction through the bulk will eventually dominate thus allowing S to retrieve its bulk value. With 1 QL, S is large because: (i) the band gap is larger than bulk and (ii) the large asymmetry in the VB and the conduction band (CB) DOM means that S continues growing until midgap before changing sign. We highlight that such features can easily be found in many semiconductors and that 1 QL Bi 2 Te 3 is not special in regard to the Seebeck coefficient. Fig. 3(b) shows the ballistic power factor (PF ¼ S 2 G) versus E F . One QL shows a maximum PF that is more than 6Â larger than all other materials. This enhancement in PF originates from G and not S; in fact, the S value at the optimal PF is smaller with 1 QL than bulk. It is the sharp increase in DOM, shown in Fig. 2 , that dramatically increases G near the VB edge. Contrary to the increase in S, PF is enhanced due to the unique electronic dispersion of 1 QL Bi 2 Te 3 . Fig. 3(c) presents the electronic ZT (ZT e ), which corresponds to assuming the lattice thermal conductance is zero: S 2 G=K e . To calculate ZT, knowledge of the lattice thermal conductance extracted from phonon transport is required, which is also expected to vary with the number of QLs. Assuming the ballistic lattice thermal conductance of bulk, the relative contribution of the electronic thermal conductance for 1 QL, 2 QL, and 3 QL is found to be roughly 50% near E F ¼ 0 and increases as E F moves further into the valence or conduction band. In reality, ZT will always be smaller with a finite value of K l ; however, Fig. 3(c) allows us to compare the electronic component of ZT in each material. One QL demonstrates a ZT e that is $5Â greater than bulk. Films ! 2 QL are worse compared to bulk because of their low S and high K e arising from a small or zero band gap. We emphasize that with 1 QL the enhancement in ZT e , via PF, stems from the particular electronic character of this material and not a reduction in lattice thermal conductance.
Next, we wish to understand what is special with 1 QL, which results in the rapid increase in DOM and enhances PF and ZT e . For this purpose, we plot the k ? -resolved DOM versus energy for 1 QL, 2 QL, and 3 QL in Figs. 4(a)-4(c) . The Fig. 2 is proportional to the integral of these curves divided by t.
because they provide a fixed number of modes independent of t. The sharp increase in DOM with 1 QL occurs since the width dk, in k ? -space (along C-M), corresponding to the region where the modes are non-zero discretely jumps from zero (in the band gap) to almost the whole Brillouin zone at the VB edge. This feature is unlike what is observed with 2-3 QL or parabolic-type dispersions, where dk (and the DOM) smoothly increases from the band edge. According to Eq. (5), MðÞ depends on the integral of k ? -DOM at a fixed . As an example, in panel (f) we plot k ? -DOM at the energy ¼ -15 meV, where the area under the curve is clearly larger for 1 QL than 2 QL. This feature in the k ? -DOM that is responsible for the discrete increase in DOM is directly related to the particular shape of the VB: the VBs of 1 QL and 2 QL are shown in Figs. 4(d) and 4(e) . With 1 QL, the interaction between top/bottom surface states pushes down the VB of 1 QL near C. This indented shape of the VB, not observed with 2 QL (or thicker films), is what leads to the unique TE properties of 1 QL Bi 2 Te 3 .
Lastly, we consider whether scattering will hinder the predicted TE properties of 1 QL. In the diffusive limit, the transmission scales as TðÞ / hjv z ðÞjisðÞ=L, 22 where sðÞ is the scattering time. Ideally, we wish for the product hjv z ðÞjisðÞ to be large. The scattering time sðÞ depends on the particular scattering physics and is difficult to accurately compute whereas hjv z ðÞji is extracted from the electronic dispersion. Here, we do not attempt to calculate sðÞ, but we find hjv z ðÞji > 10 5 m=s near the VB (comparable to bulk Bi 2 Te 3 ), thus indicating that the carrier velocity itself should not be a limiting factor.
In conclusion, by analyzing the ballistic thermoelectric properties of ultrathin Bi 2 Te 3 films, ranging in thickness from 1 QL to 6 QL, we determined that only the thinnest film shows a large enhancement in power factor and ZT e , compared to bulk. This result is traced back to (i) the opening of a sizeable band gap with 1 QL and (ii) the unique indented shape of the 1 QL valence band, which we propose is intrinsically advantageous for achieving a large PF. This particular band shape, distinct from the parabolic dispersion found in most semiconductors, shares similarities with Rashba/Dresselhaus-type bands but without spin-splitting such as the model used in Ref. 23 . Useful applications will likely require stacking these ultrathin films for achieving high PF. Perhaps, an alternative route towards high efficiency/performance thermoelectric applications involves understanding, finding, and designing bulk materials with similar band shapes.
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